The macroinitiator of a copolymer (PMD BTM ) of methyl methacrylate (MMA) and 2-(dimethylamino)ethyl methacrylate (DAMA) with 4-benzyloxy-2,2,6,6-tetramethyl-1-piperidinyloxy (BTEMPO) pendant groups was prepared by the photochemical reaction of tertiary amine groups of the copolymer with benzophenone in the presence of BTEMPO. The radical copolymerization of MMA and DAMA was carried out first with azo-bis-isobutyronitrile (AIBN) as an initiator; then, the dimethylamine groups of the copolymer constituted a charge-transfer complex with benzophenone under UV irradiation, and the methylene of ternary amine and diphenyl methanol radicals were produced. The former was capped by BTEMPO, and the nitroxide (BTEMPO) was attached to the polymeric backbone. The amount of pendant BTEMPO on PMD BTM was measured by 1 H NMR. PMD BTM initiated the graft polymerization of styrene via a controlled radical mechanism, and the molecular weight of the PMD-gpolystyrene increased with the polymerization time.
INTRODUCTION
Graft copolymers have generally been synthesized by macromonomer technology, [1] [2] [3] [4] by the linkage of two different polymers through polymer coupling reactions, 5 or by the polymerization of a monomer from active sites on a backbone polymer. 6, 7 Recently, much interest has been directed toward the precise control of such copolymerization parameters as the molecular weight, molecular weight distribution, and density of graft chains. The controlled graft copolymerization of styrene (St) or methyl methacrylate (MMA) to a silicon wafer and a silicon surface was reported in which atom transfer radical polymerization (ATRP) or nitroxide stable free-radical polymerization was used. 8 -10 Well-defined densely grafted copolymers [(meth)acrylate-g-styrene] and [(meth)acrylate-g-butyl acrylate] were also synthesized by ATRP. versible capping of the growing chain by a counter stable free radical such as TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy). Recently, various methods were used to introduce TEMPO to the chains of (co) polymers. The TEMPO adducts were then used to promote the controlled radical graft polymerization of St. [13] [14] [15] This article reports the preparation of a new macroinitiator, PMD BTM , and its controlled initiation of St to produce a graft copolymer.
EXPERIMENTAL Materials
4-Hydroxy-2,2,6,6-tetramethylpiperidinyl-1-oxy (HTEMPO) was prepared by the oxidation of 4-hydroxy-2,2,6,6-tetramethylpiperidine (Beijing Chaoyang Huashan Auxiliary Factory) with hydrogen peroxide with sodium tungstate as a catalyst 16 (mp ϭ 71-72°C). Benzophenone (Shanghai Chemical Reagent Factory) and azo-bisisobutyronitrile (AIBN) were purified by recrystallization from methanol. All other reagents were purified according to the standard method.
17
Preparation of the 2-(Dimethylamino)ethyl Methacrylate (DAMA) Monomer DAMA was prepared according to the literature, 18 and the crude product was purified by distillation at 70°C and 10 mmHg (56.0% yield).
IR 
Preparation of 4-Benzyloxy-2,2,6,6-tetramethyl-1-piperidinyloxy (BTEMPO)
The synthesis of BTEMPO is outlined in Scheme 1. HTEMPO (19.5 g, 0.113 mol), benzyl bromide (25.4 g, 0.149 mol), KOH powder (16.7 g, 0.298 mol), and polyethylene glycol-600 (5.5 g, molecular weight ϭ 600;used as a phase-transfer catalyst in the procedure 19, 20 ) were added to benzene (70 mL). The mixture was stirred vigorously for 5 h at 40°C, and then the salts were filtered off. The oil layer was washed several times with water until the water was colorless and then was dried over CaCl 2 overnight. Crude BTEMPO was were charged to a 100-mL ampule, and the ampule was degassed by three freeze-pump-thaw cycles at 77 K and then sealed under highly pure N 2 (99.99%). The ampule was placed in an oil bath at 60 Ϯ 0.1°C for 20 h. The copolymer of MMA and DAMA (PMD) was diluted with CHCl 3 , precipitated with petroleum ether (bp ϭ 30 -60°C), purified twice by dissolution/precipitation procedures with CHCl 3 /petroleum ether, and then dried to a constant weight at 60°C with a yield of 90%.
Preparation of the Macroinitiator of the Copolymer with Pendant BTEMPO Groups (PMD BTM )
A typical process is described as follows: PMD (0.280 g, 1.1 ϫ 10 Ϫ4 mol/L), benzophenone (0.072 g, 9.9 ϫ 10 Ϫ3 mol/L), and BTEMPO (0.190 g, 1.
Ϫ2 mol/L) were added to a 100-mL ampule containing benzene (40 mL). After three freezepump-thaw cycles at 77 K, the ampule was sealed and irradiated with a 125-W high-press mercury lamp (Shanghai Yaming Lamp Factory, model DDZ-125) for 24 h at 25°C. 22 Aqueous cupric sulfate was used as the photofilter to obtain 365-nm monochromatic light. 23 The red solution became light yellow at the end of the reaction. After the end of the reaction, the solution was concentrated to about one-third of its original volume and then was precipitated with petroleum ether (bp ϭ 30 -60°C). The macroinitiator was purified by a dissolution/precipitation procedure with CHCl 3 /petroleum ether.
Graft Copolymerization of St from PMD BTM
A typical graft copolymerization is described as follows. St (1.5 mL, 13 mmol) and PMD BTM (20 mg, 3.1 ϫ 10 Ϫ4 mmol) were placed in an ampule. After two freeze-pump-thaw cycles at 77 K, the ampule was sealed and placed in an oil bath at 125°C. To control the reaction accurately, we froze the system with liquid nitrogen after the end of the polymerization and then diluted it with CHCl 3 . After filtration, the filtrate was poured slowly into 95% ethanol (100 mL) with stirring to precipitate the copolymer. The copolymer was purified by a repeated precipitation/dissolution procedure with 95% ethanol/CHCl 3 and then extrac- 
Measurements
IR spectra were obtained on a Magna-550 Fourier transform infrared spectrometer. NMR spectra were obtained on Bruker MSL-300 spectrometer with tetramethylsilane as an internal standard and CDCl 3 
RESULTS AND DISCUSSION

Copolymerization of MMA and DAMA
The copolymerization of MMA and DAMA was carried out with a conventional radical polymerization. The disappearance of double bonds, for example, at 1639 cm Ϫ1 in IR and 5.5 and 6.0 ppm in NMR for MMA and at 1637 cm Ϫ1 in IR and 5.6 and 6.1 ppm in NMR for DAMA, showed that the copolymerization was successful. The molecular weight of the resulting copolymer was 6.45 ϫ 10 4 , with a molecular weight distribution of 2.82 and a total monomer conversion of 90%. On the basis of the Q and e values for MMA (0.740 and 0.400) and DAMA (0.680 and 0.470), 24 the calculated monomer reactivity ratios are r MMA ϭ 1.12 and r DAMA ϭ 0.89. The composition of the copolymer should, therefore, be 91.8/8.2 for MMA and DAMA, which is nearly the same as the monomer feed ratio of 10/1.
Characterization of the Macroinitiator PMD BTM
PMD BTM was prepared by the photochemical reaction of the N,N-dimethylamino group of the copolymer with benzophenone in the presence of HTEMPO or BTEMPO, as described by Scheme 2. If the HTEMPO was introduced into the copolymers, the HTEMPO content in the copolymers was very difficult to determine. In the NMR spectrum of HTEMPO-capped PMD, the typical proton signals of HTEMPO pendant groups, such as 22 overlap the proton signals of MMA and DAMA segments in the copolymer. Thus, BTEMPO with phenyl ring was substituted for HTEMPO, and the chemical shift of the phenyl ring protons of BTEMPO in the copolymers at 7.3-7.4 ppm could be clearly observed [ Fig. 1 (b) ]. Then, the average number of BTEMPO on one macromolecular chain could be easily calculated from the NMR data with the following equations:
where A is the average number of BTEMPO on one chain or average number of DAMA with BTEMPO on one chain; B is average number of DAMA on one chain; M 1 , M 2 , M 3 , and M are the molecular weights of DAMA with BTEMPO, DAMA, MMA, and the copolymer, respectively; S p is the peak area of the phenyl protons of BTEMPO at 7.3-7.4 ppm; and S m is the peak area of methyl protons (OOCH 3 ) of the MMA segment at 3.55 ppm. The BTEMPO content in a copolymer chain varied from 8.1 to 11.4, depending on the photochemical conditions, as summarized in Table I . The percentage of DAMA with BTEMPO on one copolymer chain ranged from 15.0 to 21.5%. The presence of BTEMPO in the copolymer could also be detected by UV spectra. Figure 2(a,b,d ) presents the UV spectra of PMD BTM-2 , PMD, and BTEMPO, respectively. The 3* transitions for BTEMPO are at 245.5; 241.0 and 295.0 nm and 241.0 and 305.0 nm are the 3* and n3* transitions for PMD and PMD BTM-2 , respectively. It is impossible to detect BTEMPO from these spectra directly. Thus, the difference spectrum was made from the subtraction of spectrum b from spectrum a; the peak at 249.5 nm attributed to the phenyl ring can be observed clearly. Therefore, we conclude that BTEMPO was successfully fastened onto PMD with the photochemical method. 
Controllability of the Graft Copolymerization of St by the Initiation of PMD BTM
The data of the graft copolymerization of St with PMD BTM as an initiator are presented in Table II . Figure 3 contains a plot of the number-average molecular weight (M n ) and the weight-average molecular weight divided by the number-average molecular weight (M w /M n ) versus the conversion of St. The graft copolymers can clearly be obtained with a high efficiency, and the molecular weight of PMD-g-PS increased with the polymerization time and the conversion of St. This was typical for the controlled radical polymerization.
The purified graft copolymers were characterized in detail by GPC, IR, and 1 H NMR. In the IR spectrum shown in Figure 4 (b), strong phenyl rings at 1600, 1501, 1454, 756, and 705 cm Ϫ1 for PS after grafting appear; compare these to the spectrum for PMD BTM [ Fig.4 (a) ]. In 1 H NMR, the protons of the benzene ring at 6.3-7.1 ppm attributed to PS graft chain appear next to the chemical shift of protons of PMD BTM in Figure 5 . Table II shows that the PMD BTM-1 concentration exerted great influence on the graft copolymerization of St. For example, when the concentration of PMD BTM-1 increased from 2.07 ϫ 10 Ϫ4 to 3.10 ϫ 10 Ϫ4 mol/L, the molecular weight of the graft copolymers and monomer conversion dropped from 8.73 ϫ 10 4 and 26.4% to 7.92 ϫ 10 4 and 15.2%, respectively, after polymerization for 4 h, whereas the molecular weight distribution decreased from 1.67 to 1.53. Generally speaking, in common radical polymerization, when other conditions (e.g., the concentration of monomer and the polymerization temperature) are constant, the monomer conversion increases with increasing initiator concentration, whereas the molecular weight of the polymer decreases. In our system, the effect of the concentration of PMD BTM on the controlled St polymerization can be described by the following equilibrium: 
Effect of the Concentration of PMD BTM on the Graft Copolymerization of St
where P ⅐ is the propagation macromolecules active species, BTEMPO ⅐ is the free radical, and P-BTEMPO represents the dormant compound. For a low concentration of PMD BTM , the polymerization of St was not restricted much by BTEMPO ⅐ . Therefore, the molecular distribution was broader, and for a constant St concentration, the polymerization rate, molecular weight, and conversion were higher. If a high PMD BTM concentration was used, the concentration of BTEMPO ⅐ radicals was also higher, and the polymerization of St was efficiently controlled by BTEMPO ⅐ , which led to decreases in the polymerization rate, molecular weight, and conversion of St and a narrowing of the molecular weight distribution, as shown in Table II .
Effect of the BTEMPO Content of PMD on the Graft Copolymerization of St
To determine the influence of the BTEMPO content in the PMD chain on the graft copolymerization of St, we prepared PMD BTM-1 and PMD BTM-2 with the same PMD (molecular weight ϭ 6.45 ϫ 10 4 ) as the parent prepolymer. In one PMD BTM-1 chain, the BTEMPO average number was 8.1, and in PMD BTM-2 , the number was 11.4. Under the same conditions, PMD BTM-2 with a higher BTEMPO content exerted stricter control over the St graft copolymerization, as Table III indicates; the molecular weight distribution of the product for PMD BTM-2 was narrower than that for PMD BTM-1 . However, the molecular weights of the graft copolymers obtained from PMD BTM-2 and the conversion of St not only did not decrease but were higher than those obtained from PMD BTM-1 . We think that for PMD chains with BTEMPO, the propagation of St should be carried out simultaneously at all the reactive sites containing BTEMPO, the molecular weight of the grafted copolymers should be the sum of every grafted PS chain, and the more BTEMPO is in the PMD chain, the higher the molecular weight of the grafted copolymer should be. 
